The air passenger transport network system is an important agent of social and economic connections between cities. Studying on the airline network structure and providing optimization strategies can improve the airline industry sustainability evolution. As basic building blocks of broad networks, the concept of network motifs is cited in this paper to apply to the structural characteristic analysis of the passenger airline network. The ENUMERATE SUBGRAPHS (G, k) algorithm is used to identify the motifs and anti-motifs of the passenger airline network in China. A total of 37 airline companies are subjected to motif identification and exploring the structural and functional characteristics of the airline networks corresponding to different motifs. These 37 airline companies are classified according to the motif concentration curves into three development stages, which include mono-centric divergence companies at the low-level development stage, transitional companies at the intermediate development stage, and multi-centric and hierarchical companies at the advanced development stage. Finally, we found that adjusting the number of proper network motifs is useful to optimize the overall structure of airline networks, which is profitable for air transport sustainable development.
Introduction
Passenger aviation plays a unique role in the global transportation system, facilitating the high-speed carriage of people over long distances. Efficient passenger airline networks are crucial for long-term air transport sustainable development. Based on the complex network theory, the air transportation system can be viewed as a spatial network where the nodes are airports and the edges are air routes or flights. In this theoretical framework, many studies on airline network were carried out using complex network models or methods and many valuable findings were revealed. A number of these studies focused on the overall structure of the airline network, like the small-world [1] , the scale-free distribution [2] , community structures [3] , or hub-and-spoke organizational patterns [4] . Thus, this kind of study can be categorized as a structure-oriented perspective [5] . In other studies, scholars mainly raised questions from the perspective of nodes and their relationships, like the investigation of centrality measures [6] , clustering [7] , or assortativity [8] , etc. This group of studies
The flights operating under code-sharing agreements but not flying the actual flights were not considered. If there are two airports in the same city (like Beijing, Shanghai), the two airports were combined into one node. Figure 1 shows the structure of China's passenger airline network that contains 206 nodes and 2095 edges. The width of edges differentiates the number of flights along with each link. 
Methods

Motif Analysis
Network motifs are basic interactive subgraphs whose frequencies in a real network are significantly higher than those in a randomized network, while those occurring less frequently than randomized network are called anti-motifs [9, 10, 13, 29] . Network motif can be a useful tool to observe the local relationship pattern in the airline network [30] .
The randomized networks have the same single-node characteristics as real networks, which means that each node in a randomized network has the same number of incoming and outgoing edges as the corresponding node has in a real network.
The relevant statistical characteristics used to evaluate the motifs include [9, 10] : 1. Frequency of motif For a given subgraph S with n nodes, the number of times it appears in the real network is n(S), and the total number of times that all subgraphs with n nodes appear in the real network is N; then, the appearance frequency of the subgraph S is:
If the subgraph S is the motif of the network, this frequency is called the frequency of the motif, or the motif concentration.
2. Value P of motif Value P refers to the probability that the number of times that the motif M appears in the random network is bigger than that in the real network. A smaller value of P indicates greater importance of the motif in the network. When the probability P is lower than a cutoff value (in this paper is 0.01), the occurrence times of subgraphs in the network are deemed to be significantly higher than in a randomized network, and the subgraphs can be seen as "network motifs" [10] .
3. Value Z of motif 
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3. Value Z of motif For a motif, the number of times it appears in the real network is N real i , and the number of times it appears in the random network is N rand i ; the mean of N rand i is < N rand i > and the standard deviation is σ rand i ; then, the value Z of the motif in the real network is:
Generally, the statistical significance of the motif is evaluated by calculating the value Z. In the case Z > 0, the subgraph is a motif; in the case Z < 0, the subgraph is an anti-motif. Value Z can be used to measure the importance of the motif. A higher value of Z indicates greater importance of the motif in the network.
This paper identified motifs in China's passenger airline network through the Rand-ESU algorithm using the analysis tool FANMOD [31, 32] . The ENUMERATE SUBGRAPHS (G, k) (ESU) algorithm specifies that starting from a peak v in the input network, the peaks adjacent to certain peaks whose subscript is bigger than v and does not belong to V Subgraph are added into V Extention . According to the method of enumerating by virtue of the tree structure and sampling the subgraphs, a gradual extension of the subgraph from the subgraph with the scale of 1 ensures that each subgraph is searched for only once and no meaningless subgraphs are generated. In the process of enumerating subgraphs (ESU) through the Rand-ESU algorithm, judging whether to continue expanding a certain subgraph based on probability can greatly improve the efficiency of the algorithm and can also expand the search scale to 14 peaks, indicating that this is a highly effective method.
Network Analysis
To assess the heterogeneity and hierarchy of network nodes in 37 airline company networks, average degree and Zipf index were employed to assist the analysis.
1. Average degree The degree of a node refers to the number of all connected edges of the node in the network, and the average degree refers to the average value of degrees of all nodes in the whole network. In this study, the average degree of each airline company indicates that the average value of all airports' degrees in the company's network.
2. Zipf law Zipf's law is one of the little quantitative and reproducible regularities found in economics. Zipf index was used to describe city sizes in 1949, and the size distributions of cities are power laws with a specific exponent, meaning that the probability of attaining a certain size x is proportional to x −τ . The τ was thus called Zipf index [33] . Zipf's law also holds in many other scientific fields [34] . In this article, the degrees of nodes of each airline company were ranked by size, and they all essentially followed a power law distribution under exponential regression. Their power exponents of them were seen as their Zipf index.
Characteristics of Motifs of China's Passenger Airline Network
Motifs of China's Passenger Airline Network
In order to examine the micro functional structure of China's passenger airline network, we scanned for all possible three-node and four-node undirected subgraphs. We got one three-node motif (3a), one three-node anti-motif (3b), three four-node motifs (4a, 4b and 4d), and three four-node anti-motifs (4c, 4e, and 4f) in the network. Table 1 summarizes basic parameters of all motifs and anti-motifs including the subgraph shape, the frequency of the motifs appearing in the real network (Frequency [Original] ), the average frequency of the subgraphs appearing in the random network (rMean-Freq [Random]), Z values of the motifs, and P values of the motifs. Considering the three-node subgraphs, motif 3a is a triangular structure formed by three mutually connected airports, while anti-motif 3b is a V-shaped structure formed by the connection between one airport and two disconnected airports. 3a is a structural building block of China's passenger airline network by Milo's definition [10] . According to the previous study [35] , the airline network with a high concentration of motif 3a (triangular-shape) means higher clustering characteristics than those with a high concentration of anti-motif 3b (V-Shape).
The frequencies of the subgraphs 4a, 4b, and 4d in China's passenger airline network are higher than those in the random network, which means they are the four-node motifs. Motif 4a is characterized by mutual connection of three airport nodes while one of them connects with a fourth airport that is not connected with the other two airports. The number of connected edges in this motif is 4. The topological structure of Motif 4b is that two of the airports are each connected with three airports, while the other two airports are not mutually connected and each linked with only two airports. Thus the number of connected edges is 5. All four nodes of Motif 4d are connected mutually, and the number of connected edges is 6. From 4a to 4b to 4d, the number of connected edges increases gradually, coupled with more complex connecting structure and gradually reduced frequency. Motif 4d has the highest value Z (Z=11.474) among all 4-node motifs, showing the highest significance level.
The frequency of subgraphs 4c, 4e and 4f appearing in the airline network is lower than in the random network (P > 0.01, Z < 0), so these three subgraphs are anti-motifs. The anti-motif 4c is in the star shape formed by connections between one airport node and three disconnected nodes. In the computer network topology, the star-shaped topological structure has one center node, and all other nodes are connected with the center node through their respective routes, forming a radiating structure. This structure has advantages of simple structure, management convenience, and concentrated control, but also has weakness of poor network sharing capacity and low use ratio of network routes [36] . Anti-motif 4f shows a chain structure formed by four airport nodes connected in sequence. Anti-motif 4e with an extremely low appearing shows an end-to-end loop connection. The loop network is poor to expand. Anti-motifs, 4c, 4e, and 4f are not able to represent the important structural and functional characteristics of the network. Figure 2 contains the original frequency and value Z distribution curves of subgraphs in China's passenger airline network. It can be seen that the frequency of the three-node anti-motif 3b and the four-node anti-motif 4c appearing in the network is high, and 3b and 4c have a common Considering the three-node subgraphs, motif 3a is a triangular structure formed by three mutually connected airports, while anti-motif 3b is a V-shaped structure formed by the connection between one airport and two disconnected airports. 3a is a structural building block of China's passenger airline network by Milo's definition [10] . According to the previous study [35] , the airline network with a high concentration of motif 3a (triangular-shape) means higher clustering characteristics than those with a high concentration of anti-motif 3b (V-Shape).
The frequencies of the subgraphs 4a, 4b, and 4d in China's passenger airline network are higher than those in the random network, which means they are the four-node motifs. Motif 4a is characterized by mutual connection of three airport nodes while one of them connects with a fourth airport that is not connected with the other two airports. The number of connected edges in this motif is 4. The topological structure of Motif 4b is that two of the airports are each connected with three airports, while the other two airports are not mutually connected and each linked with only two airports. Thus the number of connected edges is 5. All four nodes of Motif 4d are connected mutually, and the number of connected edges is 6. From 4a to 4b to 4d, the number of connected edges increases gradually, coupled with more complex connecting structure and gradually reduced frequency. Motif 4d has the highest value Z (Z = 11.474) among all 4-node motifs, showing the highest significance level.
The frequency of subgraphs 4c, 4e and 4f appearing in the airline network is lower than in the random network (P > 0.01, Z < 0), so these three subgraphs are anti-motifs. The anti-motif 4c is in the star shape formed by connections between one airport node and three disconnected nodes. In the computer network topology, the star-shaped topological structure has one center node, and all other nodes are connected with the center node through their respective routes, forming a radiating structure. This structure has advantages of simple structure, management convenience, and concentrated control, but also has weakness of poor network sharing capacity and low use ratio of network routes [36] . Anti-motif 4f shows a chain structure formed by four airport nodes connected in sequence. Anti-motif 4e with an extremely low appearing shows an end-to-end loop connection. The loop network is poor to expand. Anti-motifs, 4c, 4e, and 4f are not able to represent the important structural and functional characteristics of the network. Figure 2 contains the original frequency and value Z distribution curves of subgraphs in China's passenger airline network. It can be seen that the frequency of the three-node anti-motif 3b and the four-node anti-motif 4c appearing in the network is high, and 3b and 4c have a common structural characteristic that one airport node is connected with multiple disconnected nodes to form a star shape.
Such structures have a higher appearance frequency in the network, but they cannot be the building blocks of the motifs. Motifs 4a, 4b, and 4d have a common characteristic of further connection based on the looped structure. At the same time, each node of motifs 4b and 4d is connected with at least another two nodes to form a mesh topology with higher reliability and more complex structure. Moreover, motifs 4a, 4b, and 4d all have more connected edges than other subgraphs with the same number of nodes. The airline network differs from the railway network and other ground transportation networks that require physically constructed routes. The air transportation network is serviced by air routes, and it has higher efficiency due to its greater number of potential connections and the flexibility of establishing them.
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(a) (b) The network subgraphs are a part of the overall network, and the n-node subgraphs are formed by (n-1) nodes connected in a particular combination [10] . According to the structural characteristics of motifs and anti-motifs of China's passenger airline network, motifs 4a, 4b, and 4d contain the triangular structure of motif 3a, while anti-motifs 4c, 4e, and 4f contain the V-shaped structure of anti-motif 3b, which reflect the combination relationship among the motifs and the anti-motifs.
Motifs can represent the characteristics of functional structures of the real network. Motifs of the airline network (subgraphs 3a, 4a, 4b, and 4d) show common characteristics of more stable topological structures and more complete connection, which reflects the stability of the overall structure of China's passenger airline network. Thus, these motifs are advantageous subgraph structures of the airline network. Anti-motifs are not the main structures of the real network and cannot represent the structural characteristics of the real network. Anti-motifs (subgraphs 3b, 4c, 4e, and 4f) of the airline network show characteristics of lower levels of connection and weaker interaction, so they are generally the disadvantageous subgraph structure of the airline network.
Motifs of Networks of the Airline Companies
Based on 37 China's airline companies in 2015, the unweighted and undirected China's passenger airline network was diagramed into 37 airline networks. The 37 networks were subjected to motif detection one by one using the FANMOD tool. Table 2 shows all motifs and anti-motifs of airline companies. The airline companies' abbreviations (IATA codes) were listed in Table 2 . In Table 2 , if a company owns some subgraphs as motifs, the corresponding subgraphs are marked a "√" under it. If a company owns some subgraphs as anti-motifs, the table cells under the relevant subgraphs show blank. Considering the small scale and the simple and disordered airline route network of 9Air Co. Ltd., no motif was generated. After eliminating 9Air Co. Ltd., 36 airline companies remained for motif analysis.
The degree distribution reveals important information about the heterogeneity of the nodes [37] . Hubs are located in the highest hierarchical level, with many more linkages than the regular spoke nodes [38] . According to previous studies, the hub of every airline company is identified according to the degree. In this article, when a node's degree is higher than the sum of triple standard deviations of the degrees and the average degree in the network, it will be considered as a hub. At the same time, the degree distribution of the airports was used to fit the rank-size curve and The network subgraphs are a part of the overall network, and the n-node subgraphs are formed by (n-1) nodes connected in a particular combination [10] . According to the structural characteristics of motifs and anti-motifs of China's passenger airline network, motifs 4a, 4b, and 4d contain the triangular structure of motif 3a, while anti-motifs 4c, 4e, and 4f contain the V-shaped structure of anti-motif 3b, which reflect the combination relationship among the motifs and the anti-motifs.
Based on 37 China's airline companies in 2015, the unweighted and undirected China's passenger airline network was diagramed into 37 airline networks. The 37 networks were subjected to motif detection one by one using the FANMOD tool. Table 2 shows all motifs and anti-motifs of airline companies. The airline companies' abbreviations (IATA codes) were listed in Table 2 . In Table 2 , if a company owns some subgraphs as motifs, the corresponding subgraphs are marked a " √ " under it. If a company owns some subgraphs as anti-motifs, the table cells under the relevant subgraphs show blank. Considering the small scale and the simple and disordered airline route network of 9Air Co. Ltd., no motif was generated. After eliminating 9Air Co. Ltd., 36 airline companies remained for motif analysis. The degree distribution reveals important information about the heterogeneity of the nodes [37] . Hubs are located in the highest hierarchical level, with many more linkages than the regular spoke nodes [38] . According to previous studies, the hub of every airline company is identified according to the degree. In this article, when a node's degree is higher than the sum of triple standard deviations of the degrees and the average degree in the network, it will be considered as a hub. At the same time, the degree distribution of the airports was used to fit the rank-size curve and calculate the Zipf index, which can help uncover levels of the hierarchy of node degrees [39] . For comparison, some basic information about airline networks and motif characteristics were summarized in Table 2 .
As shown in Table 2 , 26 of the 36 airline companies have independent motifs 3a, and 10 companies have independent motifs 3b. Each airline company has only one of motifs 3a or 3b, indicating that these two motifs can respectively reflect the structural characteristics of different types of airline companies. More airline companies have the topologically stable, 3-node motifs 3a with the triangular structure. Motif 3a can manifest the common characteristics of networks of the majority of airline companies. From Table 2 we can see that most companies with a large network scale, multi-hubs, and Zipf index higher than 1 have motif 3a. The number of airline companies with motifs 3b is small. These companies generally have a small network scale, a small number of routes, and small average degree and Zipf index (smaller than 0.9). Motifs 3b could represent the characteristic structure of small, immature airline companies.
Thirty-one airline companies have motifs 4a, accounting for the vast majority, which fits with the characteristics of motifs of China's passenger airline network. Motifs 4a can be viewed as a common characteristic motif of companies. Topologically, motifs 4a are combinations of motifs 3a and 3b, thereby having characteristics of both. A similar number of airline companies have motifs 4b, 4c, and 4d, respectively, approximately accounting for one third to one-fourth of the total number of airline companies. These three motifs manifest different class characteristics of airline companies. Most companies having motifs 4b and 4d are multi-hub networks with large scale, high network average degree, and Zipf index, and have been established for a long period of time. Thus, motifs 4b and 4d can represent the structural and functional characteristics of larger and mature airline networks. Most airline companies with motifs 4c have a small scale, low network average degree, and small Zipf index have been established for a short period of time, and have only one or no hub. An extremely small number of airline companies (2-3 companies) have motifs 4e and 4f. Motifs 4e and 4f are in looped structures and chain-shaped structures, and airline companies with these two kinds of motifs have a very small scale.
This indicates that network motifs can reflect the structural and functional characteristics of the airline network. Table 3 summarizes the structural characteristics of the motifs of China's passenger airline network. 
Classification of China's Air Passenger Transport Companies Based on Motif Concentration Curve
When only the frequency of the motifs appearing in the real network is considered, the motif concentration characteristic curve ( Figure. 3) of different airline companies can be drawn by connecting the frequency of different motifs of the same airline company. It can be seen that the curves of the companies with similar structural characteristics follow similar trends. Therefore, the airline companies can be classified according to the motif concentration curves. 
When only the frequency of the motifs appearing in the real network is considered, the motif concentration characteristic curve (Figure 3 ) of different airline companies can be drawn by connecting the frequency of different motifs of the same airline company. It can be seen that the curves of the companies with similar structural characteristics follow similar trends. Therefore, the airline companies can be classified according to the motif concentration curves. 
When only the frequency of the motifs appearing in the real network is considered, the motif concentration characteristic curve ( Figure. 3) of different airline companies can be drawn by connecting the frequency of different motifs of the same airline company. It can be seen that the curves of the companies with similar structural characteristics follow similar trends. Therefore, the airline companies can be classified according to the motif concentration curves. According to Figure 3 , China's airline companies can be roughly classified into three types. Type I. The motif concentration curves of type I airline companies are shown in Figure 4 . Most of these concentration curves have two obvious peaks at motifs 3b and 4c, one high value at motif 4a, zero at motifs 3a, 4b, and 4d, and a small number of specific values at motifs 4e and 4f. A total of 10 airline companies belong to type I. Most of these companies are young, have a small number of route edges (smaller than 30 for the majority), a small average network degree (smaller than 2.5 for the majority), obvious regionalization service of routes, and 1 or 0 hub. The structural characteristics of networks of type I companies are mono-centric divergence, with dominating star-shaped motifs 3b and 4c. The network characteristics of these airline companies indicate a low level of development.
Type II. The characteristics of the motif concentration curves, shown in Figure 5 , are that most companies have two peaks at motifs 3a and 4a, as well as zero at motifs 3b, 4b, and 4d, while some companies have characteristic motifs 4c. The three-node motifs of type II airline companies are motifs 3a, which have more stable topological structures compared with the V-shaped three-node motifs of type I companies. Half of these airline companies operate as low-cost airlines, including Guangxi Beibu Gulf Airlines, Spring Airlines, Ruili Airlines, Lucky Air, Joy Air, and Tibet Airlines. Compared with type I companies, these type II companies have a richer network structural hierarchy, a larger scale, and a higher average network degree (2.5-5). However, structural performance is inferior to the airline network of type III companies. The structural characteristic of type II companies may be considered to be at the transitional development stage.
zero at motifs 3a, 4b, and 4d, and a small number of specific values at motifs 4e and 4f. A total of 10 airline companies belong to type I. Most of these companies are young, have a small number of route edges (smaller than 30 for the majority), a small average network degree (smaller than 2.5 for the majority), obvious regionalization service of routes, and 1 or 0 hub. The structural characteristics of networks of type I companies are mono-centric divergence, with dominating star-shaped motifs 3b and 4c. The network characteristics of these airline companies indicate a low level of development. Type II. The characteristics of the motif concentration curves, shown in Figure 5 , are that most companies have two peaks at motifs 3a and 4a, as well as zero at motifs 3b, 4b, and 4d, while some companies have characteristic motifs 4c. The three-node motifs of type II airline companies are motifs 3a, which have more stable topological structures compared with the V-shaped three-node motifs of type I companies. Half of these airline companies operate as low-cost airlines, including Guangxi Beibu Gulf Airlines, Spring Airlines, Ruili Airlines, Lucky Air, Joy Air, and Tibet Airlines. Compared with type I companies, these type II companies have a richer network structural hierarchy, a larger scale, and a higher average network degree (2.5-5). However, structural performance is inferior to the airline network of type III companies. The structural characteristic of type II companies may be considered to be at the transitional development stage. Type III. The motif concentration curves of these airline companies show a low peak ( Figure 6 ). The peaks appear at motifs 3a and 4a; motifs 4b and 4d still have certain values; zero appear at 3b, 4c, 4e, and 4f. The net-shaped motifs 4b and 4d are characteristic motifs of mature networks, with more complex and reliable topological structure. Type II and III airline companies have the same three-node motifs, but their four-node motif curves are different, which verifies that the network classification can be refined by motif curves of high-level networks [40] . The majority of type III airline companies have a large number of route edges (bigger than or far bigger than 120 for each), multi-hubs in the network, high Zipf index (bigger than 0.9), high network degree (bigger than 5), Type II. The characteristics of the motif concentration curves, shown in Figure 5 , are that most companies have two peaks at motifs 3a and 4a, as well as zero at motifs 3b, 4b, and 4d, while some companies have characteristic motifs 4c. The three-node motifs of type II airline companies are motifs 3a, which have more stable topological structures compared with the V-shaped three-node motifs of type I companies. Half of these airline companies operate as low-cost airlines, including Guangxi Beibu Gulf Airlines, Spring Airlines, Ruili Airlines, Lucky Air, Joy Air, and Tibet Airlines. Compared with type I companies, these type II companies have a richer network structural hierarchy, a larger scale, and a higher average network degree (2.5-5). However, structural performance is inferior to the airline network of type III companies. The structural characteristic of type II companies may be considered to be at the transitional development stage. Type III. The motif concentration curves of these airline companies show a low peak ( Figure 6 ). The peaks appear at motifs 3a and 4a; motifs 4b and 4d still have certain values; zero appear at 3b, 4c, 4e, and 4f. The net-shaped motifs 4b and 4d are characteristic motifs of mature networks, with more complex and reliable topological structure. Type II and III airline companies have the same three-node motifs, but their four-node motif curves are different, which verifies that the network classification can be refined by motif curves of high-level networks [40] . The majority of type III airline companies have a large number of route edges (bigger than or far bigger than 120 for each), multi-hubs in the network, high Zipf index (bigger than 0.9), high network degree (bigger than 5), Type III. The motif concentration curves of these airline companies show a low peak ( Figure 6 ). The peaks appear at motifs 3a and 4a; motifs 4b and 4d still have certain values; zero appear at 3b, 4c, 4e, and 4f. The net-shaped motifs 4b and 4d are characteristic motifs of mature networks, with more complex and reliable topological structure. Type II and III airline companies have the same three-node motifs, but their four-node motif curves are different, which verifies that the network classification can be refined by motif curves of high-level networks [40] . The majority of type III airline companies have a large number of route edges (bigger than or far bigger than 120 for each), multi-hubs in the network, high Zipf index (bigger than 0.9), high network degree (bigger than 5), and a long history of operation. Thus, these companies are most mature, including China's three flagship airlines-Air China, China Southern, and China Eastern. Their service networks and markets reach out to the entire mainland of China. and a long history of operation. Thus, these companies are most mature, including China's three flagship airlines-Air China, China Southern, and China Eastern. Their service networks and markets reach out to the entire mainland of China. After combining the concentration curves of these three types of airline companies, it can be seen that in the development process of the airline networks from low to high and becoming more mature, the three-node V-shaped motifs 3b disappear gradually and are replaced by the triangular motif 3a. As to the four-node motifs, the star-shaped motif 4c diminishes gradually and finally disappears as the net-shaped motifs 4b and 4d appear. This transforming relationship displays certain conservation rule (Similar findings were reported in Reference [40] ), i.e., low-level airline After combining the concentration curves of these three types of airline companies, it can be seen that in the development process of the airline networks from low to high and becoming more mature, the three-node V-shaped motifs 3b disappear gradually and are replaced by the triangular motif 3a.
As to the four-node motifs, the star-shaped motif 4c diminishes gradually and finally disappears as the net-shaped motifs 4b and 4d appear. This transforming relationship displays certain conservation rule (Similar findings were reported in Reference [40] ), i.e., low-level airline networks tend to have motifs 3b and 4c, while mature airline networks tend to have motifs 3a, 4b, and 4d. When one kind of network motif disappears, another kind of motif with the same number of nodes would appear in its place.
There is a correspondence between the trends of the motif concentration curves and the structural characteristics and the development stages of airline networks. Type I motif curves correspond to single-centric divergent airline companies at a low stage of development, type II motif curves correspond to transitional airline companies at the intermediate development stage, while type III motif curves correspond to multi-centric and hierarchical airline companies at the mature development stage. The motifs with a higher level of connection correspond to mature airline companies.
Optimization Mechanism of China's Passenger Airline Network Based on Motif Analysis
Airline networks at different development stages have different types of motifs. Thus from a developing or evolving perspective, transforming the types of disadvantageous motifs in and adjusting the topology of some airline's networks by increasing the number of advantageous motifs can be considered. Network motifs can provide an optimized strategy for the development of airline companies, no matter the companies with a large or small scale. This could help optimize network structures and improve the sustainability of the airline networks and the airline industry.
Airline companies at the low development stage of network structure tend to have motifs 3b and 4c. These two kinds of motifs are corresponding to "point-to-point" and "Single-hub-and-spoke" structural pattern of the airline network ( Figure 7 ). Very few airline companies have motifs 4e and 4f, the structure of which is similar to the linear structure of the airline network. Study proves that the network that combines the point-to-point structure and the "Single-hub-and-spoke" is the most cost-effective [41] , and this kind of network generally corresponds to airline networks with a small scale. When operation cost and variable cost are low enough, the "point-to-point" networks can provide more services [42] . "Linear" networks are actually derivatives of the "point-to-point" networks, and they are generally applicable to the small-scale air transport market, especially branch lines. While linear networks improve passenger load of airplanes, addition of passengers is conducted midway, leading to the lack of stability and difficulty in forming economies of scale [43] . These small-scale and low-cost companies could increase the connectivity between network branch lines and the number of motifs 3a, 4a, 4b, and 4d to enrich the network hierarchy. increase the connectivity between network branch lines and the number of motifs 3a, 4a, 4b, and 4d to enrich the network hierarchy. In contrast, airline companies with highly developed networks have characteristic motifs with a higher connection level of connections, such as motifs 3a and 4a in type II companies and motifs 4b and 4d in type III companies. In real-world operation, airline companies generally adopt mixed airline networks. For example, airline companies operate direct flights in non-hub cities based on the hub-and-spoke network. The multi-hub-and-spoke network is the dominant pattern of hub-and-spoke airline networks, under which several hub airports are connected to form the main line, and the hub airports and non-hub airports are connected to form branch lines [43] . Motifs 3a and 4a are similar to non-hub connection based on the hub-and-spoke pattern, and motifs 4b and 4d can be viewed as the further connection of the branch line or the multi-hub-and-spoke pattern. The In contrast, airline companies with highly developed networks have characteristic motifs with a higher connection level of connections, such as motifs 3a and 4a in type II companies and motifs 4b and 4d in type III companies. In real-world operation, airline companies generally adopt mixed airline networks. For example, airline companies operate direct flights in non-hub cities based on the hub-and-spoke network. The multi-hub-and-spoke network is the dominant pattern of hub-and-spoke airline networks, under which several hub airports are connected to form the main line, and the hub airports and non-hub airports are connected to form branch lines [43] . Motifs 3a and 4a are similar to non-hub connection based on the hub-and-spoke pattern, and motifs 4b and 4d can be viewed as the further connection of the branch line or the multi-hub-and-spoke pattern. The addition of motifs 3a, 4a, 4b, 4d, and other more sufficiently connected motifs can increase the maturity of the airline networks and improve the network hierarchy (e.g., a system containing national hubs, and regional hubs) complexity, and stability. Of course, all of these complex developmental strategies are subject to airlines' assessment of their specific focuses on different regions and different sets of routes in the national air passenger market. The variations between airlines, which are caused by a number of variables such as geography, historical ties, airline merging, competition, etc., also influence what strategies are adopted by the airlines and where and what types of hubs are located in their networks.
Conclusions and Discussions
Conclusions
In this paper, the motifs and anti-motifs of China's passenger airline network were identified by using ENUMERATE SUBGRAPHS (G, k) (ESU) algorithm and the FANMOD tool. Additionally, 37 Chinese air passenger transport companies were classified according to the motif concentration curves, to explore the structure and evolution of China's passenger airline network. Finally, some strategies of the passenger airline network ware proposed for airlines to develop and optimize their networks. Major research findings are as follows:
(1) From observation and comparative analysis of the development characteristics and motifs structure of airline companies, we found that different motifs could reflect various structural and functional characteristics of the airline networks. And network motifs of Chinese passenger airlines can be grouped into common motifs, motifs with mature network characteristics, and motifs with immature network characteristics.
(2) There is a conservation relationship between the airline network motifs with the same number of nodes. In other words, the disappearance of a kind of motif is accompanied by the appearance of another kind of motifs, such as conservation between motifs 3a and 3b, between 4b and 4d, and between 4c, 4e, and 4f. However, the contents of the motif will change significantly with the growth of airline networks. Thus, the development stages of different air companies can be determined based on their motif concentration curves. Accordingly, 37 China's airline companies in 2015 were divided into 3 types (stages): Mono-centric divergence companies at the low-level development stage, transitional companies at the intermediate development stage, and multi-centric and hierarchical companies at the advanced development stage.
(3) The overall structure of airline networks could be optimized by raising the structural competency of advantageous motifs and reforming those structure types of disadvantageous motifs.
Discussions
Different from previous network analysis methods, motif analysis neither emphasizes the overall structural organization nor focuses on the role of nodes, but rather consider the microcosmic organization structure. It is not only a synthesis of but also a supplement to the previous perspectives. This study demonstrated that the network motif is applicable and effective in the analysis of airline networks. New insights, such as determining the network organization mode and airline network development stages are provided by this research, which can serve as a reference for the optimization of the airline network.
With the development of airline networks, the concentration of network motifs may vary significantly. Because of the conservation between motifs with same number nodes, the development stage of the air passenger transport companies can be divided effectively and scientifically based on the types of motifs (motif concentration curves). Compared with only considering the number of routes or the scale of airline companies, this method is more effective in evaluating and differentiating the development stages of airline networks.
The organization modes like "hub-and-spoke" or "point-to-point" have received widespread attention, which is also considered as competitive strategies. However, there is no pure organizational mode in practice. Airline companies often adopt a mixed strategy. This is especially true for those transitional airline networks. Motif analysis could be helpful in carrying out a quantitative analysis of the network organization modes. Motifs can be regarded as a microstructural element, and the macrostructure of the airline networks like "hub-and-spoke" mode is reflected by the content of its feature motifs. Adjusting the structural patterns of the networks based on motif analysis is more stereoscopic compared with node-based network pattern adjustment. Adjusting the content of different network motifs and increasing the network hierarchy and complexity can serve as a new way for optimizing the structure patterns of airline networks and promoting the sustainable development of the aviation industry. In short, motif analysis provides us with a new analytical tool in the understanding of the passenger airline network.
In passenger airline network, some nodes (like hubs) play key roles due to their important geographical location, economic development level, and other reasons. Apparently, the motifs containing these nodes are supposed to be more prominent. But they are not given specific consideration in this paper, which will be explored in future research. In addition, this paper only discussed the topological characteristics of the networks. Now that the passenger airline network is kind of geo-embedded network, more attention will be paid to the geographical properties, such as ground transportation, economy, and population in future studies. Additionally, we might want to explore how to define and identify the geographical motifs.
